Hard x-ray photoelectron spectroscopy study of the buried Si/ZnO thin-film solar cell interface: Direct evidence for the formation of Si-O at the expense of Zn-O bonds Appl. Phys. Lett. 99, 152104 (2011) Theoretical analysis and modeling of light trapping in high efficicency GaAs nanowire array solar cells Appl. Phys. Lett. 99, 143116 (2011) Thin film CdTe solar cells with an absorber layer thickness in micro-and sub-micrometer scale Appl. Phys. Lett. 99, 143502 (2011) 12% efficient CdTe/CdS thin film solar cells deposited by low-temperature close space sublimation J. Appl. Phys. 110, 064508 (2011) Dependences of the optical absorption and photovoltaic properties of CdS quantum dot-sensitized solar cells on the CdS quantum dot adsorption time J. Appl. Phys. 110, 054319 (2011) Additional information on J. Appl. Phys. We investigated cross sections of working CdTe/CdS solar cells using scanning Kelvin probe microscopy ͑SKPM͒. The cross sections were prepared by polishing to avoid steps between the glass substrate and film that generally make the analysis difficult. However, this process resulted in strong pinning of the Fermi level. During the measurements, the cells were biased under different conditions, revealing the distribution of the electrical potential inside the device. We were able to identify different regions inside the device: in the region away from the CdTe/CdS junction, there was only a small variation in the potential; closer to the junction, the potential increased, due to the increase in the depletion regions with the reverse bias; at the junction, there was a sudden increase in the potential, which was attributed to interdiffusion between CdTe and CdS. By taking the first derivative of the potential, we were able to calculate the electric field inside the device. The maximum of the electric field, which locates the p-n junction, occurred at the interface between CdTe and CdS. However, the electric field at this location had a strong peak, in agreement with the existence of the interdiffusion layer, with higher doping, at the junction. The presence of this layer was confirmed by transmission electron microscopy. We also investigated the distribution of the potential and electrical field inside a CdTe/ SnO 2 device, without the CdS layer, and showed that the interdiffusion does not happen in this case. Finally, we used Poisson's equation to estimate the doping inside the CdTe film in both devices.
I. INTRODUCTION
CdTe/CdS thin-film solar cells 1,2 are expected to be one of the leading photovoltaic devices for producing electric energy in the future. CdTe, the absorber semiconductor, has an optimal band gap for the conversion of the solar radiation. 3 Because it has a direct band gap, this layer is much thinner than the silicon layer used in conventional solar cells, resulting in lower material-quality requirements and manufacturing costs. However, although CdTe/CdS solar cells are already being produced commercially, more knowledge of device operation is required to further improve performance. For instance, the record efficiency of 16.5% 4 is still well below the theoretical maximum efficiency. One of the areas where there is limited knowledge is in the distribution of the electric potential inside the device. Standard analytical techniques provide information only on the average properties of the device. SKPM [5] [6] [7] allows for the study of the electrical properties inside the cell with spatial resolution second to none. Currently, there are only few studies of CdTe and CdTe/CdS devices using SKPM, [8] [9] [10] with limited information on the distribution of the potential and electric field inside the device. In this work, we analyze cross sections of working devices and study the distribution of the potential under different bias conditions. We determine the distribution of the electric field by taking the first derivative of the potential. Finally, we use Poisson's equation 11 to estimate the doping inside the CdTe film.
In SKPM, the tip of an atomic force microscope ͑AFM͒ is biased with dc and ac voltages. The electrostatic force between the tip and sample surface is given by where C is the capacitance, z is the distance between the tip and sample, V dc is the applied dc bias, V s is the surface potential between the sample and tip, V ac is the applied ac bias, is the frequency of the ac bias, and t is the time. When V dc is equal to V s , the second term in Eq. ͑1͒ is equal to zero. In SKPM, we use a lock-in amplifier to measure the force component with the frequency of the applied ac bias. At the same time, a feedback loop varies V dc , until the measured force is equal to zero. When this happens, the applied value of the direct bias is equal to the surface potential. The surface potential is the difference between the work functions of the sample and tip. Considering that the work function of the tip does not change during the measurements, SKPM shows the variation in the work function of the sample as the tip is scanned over the sample surface. However, because in general there is Fermi level pinning at the sample surface, the measurements cannot be directly correlated with the bulk properties of the sample. 12 To diminish this problem, we applied an electrical potential on the cells during the measurements. If this applied potential does not change the surface states on the sample, the change in the potential measured at the surface will probably be similar to the bulk.
The SKPM analysis is performed simultaneously with AFM, so that topographic and potential images are obtained from the same locations, which allows for correlating the electrical properties with topographic features on the sample, such as interface locations.
II. EXPERIMENTAL PROCEDURE
We have analyzed cross sections of CdTe/CdS solar cells. The structure of the device is as follows: Ag/Cu-doped graphite/CdTe/CdS/i-SnO 2 / SnO 2 /glass. The i-SnO 2 layer is a higher resistivity undoped SnO 2 layer, with the objective of avoiding shunts in the device. The expected thickness for the CdTe, CdS, i-SnO 2 , and SnO 2 layers, respectively, are 8 m, 0.1 m, 0.15 m, and 0.45 m. The CdTe was grown by close-spaced sublimation, 13 whereas the CdS was deposited by chemical-bath deposition.
14 Before the back contact ͑Ag/Cu-doped graphite͒ was applied, the samples received a standard heat treatment with CdCl 2 , which improves cell efficiency. 15 Details on this treatment are described elsewhere. 16 For comparison purposes, a few samples were produced without the CdS layer. We analyzed cross sections of the devices under different bias conditions. Producing cross sections by breaking the sample frequently resulted in large steps on the interface between the glass and films, which could not be analyzed by the AFM tip. To avoid this problem, we sandwiched the device structure between the glass substrate and a thin glass slide, using epoxy, and polished the cross sections, using polishing diamond disks with grits varying from 30 to 0.1 m. A last step using 0.05 m colloidal silica was used in some samples. This stage would result in flatter cross sections, but would frequently leave some particles on the surface. In general, the influence of these particles on the SKPM signal was small, and, because there were not so many, they could be avoided in the data analysis. Also, using only the diamond disks would produce cross sections flat enough for SKPM. So, both methods resulted in good AFM and SKPM data. We measured the opencircuit voltage of the cross sections before and after polishing, as well as after SKPM measurements, to make sure that the initial performance of the device did not degrade during sample preparation or measurement.
The AFM/SKPM measurements were performed in a Veeco AutoProbe CP scanning probe microscope, using PtIr-coated Si tips, with resonance frequency between 65 and 70 kHz, from Nanosensors. We analyzed the samples using two different ways of measuring the SKPM signal. In the first method, the standard method, we measured the potential signal close to the first resonance peak, which was used to measure the topographic signal. Because the electric signal was not taken at the resonant peak, its amplitude was small and the signal-to-noise ratio was not optimal. This problem was more critical for determining the electric field data, which was obtained by taking the first derivative of the SKPM signal. In the second method, we used a second lock-in amplifier to detect the electric signal, which was applied on the second resonance peak. 17 Although this method is more sensitive to influences of the topography on the SKPM signal, because the cross sections are very smooth, this effect was not observed in this work. We compared samples analyzed by both methods and found that the potential distributions were similar; but, in general, the signal-tonoise ratio values for the second method were larger, resulting in better potential and electric field data.
Although the signal-to-noise ratio in the SKPM measurements was high, resulting in good potential curves, the electric field, which is obtained by taking the derivative of the potential curves, was generally too noisy. To minimize this problem, we averaged the linescans over several lateral scans when the interface was flat enough. However, unless the interface is flat and aligned with the measurements, this method decreases the lateral resolution. When this was the case, we smoothed the potential data using a neighboraveraging function. We compared both methods in several areas where the junction was flat and found that the results were similar.
The high-resolution transmission electron microscopy ͑HRTEM͒ and energy-dispersive x-ray spectroscopy ͑EDS͒ analyses were performed in a FEI TF20 200 kV scanning transmission electron microscope.
III. RESULTS AND DISCUSSION
A. CdTe/CdS standard solar cell Figure 1 shows the potential and topographic images of the cross section of a standard CdTe/CdS solar cell, after CdCl 2 treatment, polarized with Ϫ5 V ͑reverse bias͒. Starting from the bottom of the image ͑glass substrate͒, there is no significant variation in the potential until we reach the CdTe/ CdS interface, where there is a sudden and large potential drop, denoted by a sudden change from white to gray on the potential image. The signal then gradually decreases inside the CdTe film, until becoming dark. The gray color indicates the approximate location of the depletion region, whereas the dark color indicates that there is no significant potential variation in the region outside the depletion region. The lack of color variation in the horizontal direction shows that there is no significant lateral variation in the distribution of the potential, as desired. This was confirmed when linescans from different locations were analyzed.
For a more detailed analysis of the potential variation inside the solar cells, we measured the sample under different bias conditions: reverse, direct, no-bias, short-circuit, and open-circuit conditions. Then, we analyzed vertical linescans, going from the glass to inside the CdTe film. Because the noise in the signal is low and the data are uniform in the horizontal direction, the linescans taken at a given bias from different positions were very similar. Figure 2 shows linescans measured at different bias taken at the position marked by the solid vertical white line in Fig. 1 . Notice that the potential lines are reasonably smooth, which confirms the low noise-to-signal ratio in these measurements. As expected, the zero bias and short-circuit curves practically overlap. Also, the open-circuit curve behaves like a forwardbias curve. This happens because the AFM laser illuminates the cell, resulting in forward polarization when the cell is in open-circuit configuration. The positions of the CdTe/CdS and SnO 2 /glass interfaces, shown in Fig. 2 , were inferred from the topographic images. As we can see from Fig. 1 , the interfaces between CdS and SnO 2 are not revealed in the AFM images. As expected, in forward polarization, the potential is flat inside the CdTe. To analyze the potential distribution in reverse bias, we divided the potential curve for Ϫ5 V into four regions, as seen in Fig. 2 . Region 1 includes the SnO 2 film and part of the glass substrate, and the potential is almost flat there. Region 2, around the CdTe/CdS interface, is very thin and has a large drop in potential, indicating higher doping. Region 3, adjacent to the CdTe/CdS interface and inside the CdTe film, is the depletion region; as expected, it increases in width as the reverse bias is increased. Finally, region 4, which has a small potential drop, is the neutral region inside the CdTe. Notice that the depletion region does not extend much into the CdTe if no reverse bias is applied. The existence of two regions with different potential drops ͑regions 2 and 3͒ can be explained by the interdiffusion of CdTe and CdS during the CdCl 2 treatment, forming an intermixed layer at the CdTe/CdS interface ͑region 2͒.
Using values of electron affinity and band gap for CdTe, CdS, and SnO 2 from the literature, we show a simplified band diagram for the bulk of a standard CdTe/CdS solar cell with no bias in Fig. 3͑a͒ . From the SKPM data in Fig. 2 , for V equal to zero, we constructed a simplified band diagram, shown in Fig. 3͑b͒ . We did not place the Fermi level in this diagram because we do not have the value for the work function of the tip. Our data represent the surface of the sample, and it is clear that the band diagram in Fig. 3͑b͒ is different than the one in Fig. 3͑a͒ for the bulk. The reason for this is Fermi level pinning at the surface of the material. The difference between Figs. 3͑a͒ and 3͑b͒ shows a limitation of the SKPM technique when comparing the measurements with the properties in the bulk of the device. The Fermi level pinning may be even stronger for a polished surface, as in our case. The best solution for this problem is to find a surface preparation method that minimizes Fermi level pinning, and to polarize the cell with reverse bias, to diminish pinning effects.
To obtain further information on the properties of the CdTe/CdS interface and depletion layer, we calculated the electric field distribution inside the solar cell by taking the first derivative of the potential curve shown in Fig. 2 . Because the noise in the potential data is amplified when we 
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take the derivative of the potential, we smoothed the potential data prior to this step using a routine to average adjacent points in the curve. We then compared the curves before and after smoothing, and verified that the main features in the electric field were not changed by the smoothing process. The variation in the electric field calculated at different bias conditions is shown in Fig. 4 . There is a strong value of the electric field close to the CdTe/CdS interface, which drops rapidly as we go inside the CdTe. The next region has a much smaller electric field that steadily decreases to zero, deeper into the CdTe. The rest of the CdTe has practically no electric field, indicating a neutral region. On the CdS side, the field drops fast, and the depletion region does not extend into the SnO 2 , as expected. The maximum of the electric field indicates the position of the p-n junction. For a more precise location of the junction, we repeated the measurements with higher magnification, and found that the p-n junction coincides with the position in the topographic image where the CdTe interfaces with the CdS, as marked by the vertical line in Fig. 4 . The existence of the high electric field region close to the CdTe/CdS interface is explained by interdiffusion between the CdTe and CdS during the CdCl 2 treatment. During this process, diffusion of S from the CdS creates a CdTe 1−x S x layer on the CdTe; Te from the CdTe creates a CdS 1−y Te y , layer on the CdS. 18 This intermixed layer, among other features, is believed to release the stress caused by lattice mismatch, decreasing the density of defect levels at the junction, resulting in a decrease in the reverse saturation current, and, consequently, an increase in the open-circuit voltage of the device. 19 Although the existence of this more highly doped layer is detected by the SKPM measurements, it is not visible in the topographic image ͑Fig. 1͒. The higher electric field on the interdiffusion layer indicates that it has a higher doping than the rest of the CdTe, and the width of this region indicates that part of the CdS film may have been consumed during the CdTe deposition and CdCl 2 treatment. However, because of the spatial resolution of SKPM, usually a few dozen of nanometers, we cannot have precise information on the thickness of the remaining CdS layer just from these measurements. For this reason, we analyzed the CdTe/CdS solar cell by TEM. A high-resolution TEM micrograph of the cross section of the device is shown in Fig. 5 , where the CdTe, CdS, and SnO 2 layers are visible. The thickness of the CdS is only about 30-40 nm, significantly thinner than the as-deposited CdS, meaning that it was partially consumed. The CdS layer is positively identified be compositional analysis, using EDS. The fact that no Te is observed in that layer, confirms that it is CdS. The reduction in the CdS layer is likely due to the interdiffusion at the CdS/CdTe interface. To confirm this assumption, we have carried out EDS line scan across the interfaces to examine the distribution of S. Figure 6 shows a Z-contrast image of the cross section. The SnO 2 , CdS, and CdTe layers are indicated on the image. The EDS analysis was taken along the dashed line on the figure. The inset in Fig. 6 shows the profile of the intensity of the S peak along the line. Notice that the S signal is seen deep into the CdTe side, confirming interdiffusion at the CdS/CdTe interface.
As the reverse bias is increased, the electric field inside the CdTe increases and the depletion region expands. However, the increase in the electric field with the reverse bias is higher in the region close to the junction than inside the CdTe. This was not expected, and we are still investigating the possible causes.
In Fig. 4 , we notice that the electric field changes direction from 0 V to reverse bias. This is a consequence of the shape of the potential curves shown in Fig. 2 , and it is caused by the strong pinning of the Fermi level at the surface. These results indicate that there is an inversion layer at the surface of the device.
B. CdTe/ SnO 2 solar cell
To confirm our results, we also analyzed CdTe/ SnO 2 devices, without the CdS layer. In Fig. 7 , we show the SKPM signal ͑a͒, the topography ͑b͒, and a linescan ͑c͒ taken at the vertical white line shown in ͑b͒. Again, we observe that the main drop in the potential is at the interface between CdTe and SnO 2 , and that the signal does not change horizontally, indicating that the device is uniform. In this figure, we also show the interface between the back contact and the CdTe. Notice that even after polishing, there is a large step at this interface ͓Fig. 7͑c͔͒. The large topographic feature affected the potential data in this region, as will be shown later. Because the electric field in this sample is much smaller than in the standard CdTe/CdS sample, the best results were obtained when the data were averaged in the horizontal direction to produce linescans. This procedure did not result in a significant uncertainty in the location of the p-n junction because the interface is reasonably straight.
Linescans for the SKPM signal for different polarizations are depicted in Fig. 8 . Notice that there is practically no change in the potential curves at the CdTe/back contact interface, indicating the absence of either a back surface field or a rectifying junction. Similar results were also obtained for the CdTe/CdS solar cells. The SKPM signal inside the back contact is not completely flat. The reason for this is probably the influence of the topography in the SKPM signal, due to the large roughness. A good indication that this is the case is the fact that the SKPM signal inside the back contact has the same shape for the different polarizations.
The potential drop occurs mostly inside the CdTe, as would be expected. Notice that there is no sign of a region where the potential varies sharply ͑region 2 in Fig. 2͒ because the intermixed layer is not present in this sample ͑no CdS film͒. As in the previous case, the increase in the depletion layer is obvious as we increase the reverse bias. However, it is clear that for the Ϫ5 V curve, the potential does not flatten out inside the CdTe, indicating that the depletion region extends through the whole CdTe film. This is very different for the CdTe/CdS device, where the depletion region never reached the back contact; this was caused by the presence of the high-doping intermixed region, which absorbs a good part of the applied reverse bias.
In Fig. 9 , we show the electric field obtained by taking the first derivative of the potential curves. As in the case of CdTe/CdS, the field inverts from 0 V to reverse bias, because of Fermi level pinning. The reach of the electric field under reverse bias increased inside the CdTe as we increased the bias, reflecting the expansion of the depletion region; for Ϫ5 V, it extended through the entire CdTe, until it reached the interface with the back contact. The electric field at the CdTe/CdS interface did not suddenly increase, as in the previous case, and has a value much smaller than in the case of a standard CdTe/CdS device, because of the lack of the higher-doping interface layer observed before. This result agrees with the association of the large electric field at the interface between CdTe and CdS with the intermixed region. The lack of this larger-doping region in the CdTe/ SnO 2 device results in the deeper penetration of the electric field. Within our resolution, we determined that the maximum of the electric field and, consequently, the location of the p-n junction, occurs at the interface between CdTe and SnO 2 .
C. Calculation of doping concentration
Finally, we use the results of the electric field measurements, along with Poisson's equation, to estimate the carrier concentration in the CdTe films. The variation in the electric field on the CdTe film is given by
where is the electric field, is the charge density, K is the dielectric constant ͑10.3 20 ͒, and 0 is the permittivity of free space ͑8.85ϫ 10 −12 F / m͒. As a first approximation, we suppose that the charge density inside the CdTe is constant, as shown in Fig. 10 . By integrating Eq. ͑2͒ and rearranging the terms, we get
where max is the maximum of the electric field, q is the electronic charge, x p is the extension of the depletion region inside the CdTe, and N A is the doping ͑acceptor͒ concentration.
To calculate the value of N A , we fit a straight line to the electric field curve inside the CdTe, from its maximum value ͑E max ͒ to where it reaches zero. The extension of the electric field inside the CdTe ͑from E max to zero͒ gives the value of x p .
For the calculation of the doping concentration on the standard devices, we measured the electric field just after the intermixed layer, at the edge of the large electric field peak. We obtained a doping concentration of 3.2ϫ 10 14 cm −3 , using the Ϫ5 V curve, and 2.9ϫ 10 14 cm −3 , using the Ϫ3 V curve, which shows that the method is consistent. These values agree well with values reported in the literature, using more conventional measurement methods, such as capacitance-voltage, for thin-film CdTe. 21 For the CdTe/ SnO 2 device, we only measured N A for the Ϫ3 V, because the depletion region reached the interface between CdTe and the back contact for Ϫ5 V. The value obtained for the doping concentration was 1.1ϫ 10 14 cm −3 , which is lower than the value found for the CdTe in the standard device. So, the smaller carrier concentration and the absence of the intermixed layer are both responsible for the deeper penetration of the depletion layer into the CdTe for the CdTe/ SnO 2 device, as compared to the CdTe/CdS device.
IV. CONCLUSIONS
We have measured the variation in the potential distribution and electric field on cross sections of CdTe/CdS and CdTe/ SnO 2 solar cells biased under different conditions. We found a sharp variation in the potential and a strong electric field at the interface between CdTe and CdS, which is caused by the intermixed layer produced by the interdiffusion of Te and S between CdTe and CdS during CdCl 2 treatment. This layer has a higher doping than the CdTe film, and the CdS film is partially consumed during its formation, as confirmed by TEM and EDS analyses. These results were corroborated by analysis of CdTe/ SnO 2 solar cells, where intermixing does not occur, and the strong electric field was not observed. In this device, the depletion region expanded into the CdTe film and reached the back contact for a Ϫ5 V bias. Our results showed strong Fermi level pinning for both device structures. This shows a limitation of the SKPM tech- 
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nique, which measures the property of the device at the surface and not in the bulk. However, polarizing the sample with reverse bias diminished this problem, and the behavior of the potential and electric fields agreed with what would be expected from the bulk of the sample. 
